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Microstructural  characteristics  of  porous  LSM/YSZ  composite  cathodes  greatly  influence  the  performance 
of  solid  oxide  fuel  cells.  The  triple  phase  boundaries,  for  example,  account  for  a  significant  portion  of  the 
electrochemically  active  sites  in  these  porous  composite  cathodes.  Nonetheless,  experimental  character¬ 
ization  of  the  relevant  microstructural  attributes  has  been  problematic  due  to  lack  of  suitable  microscopy 
techniques  for  simultaneous  observations  of  all  three  phases  (i.e.,  LSM,  YSZ,  and  porosity)  needed  for 
identification  and  unbiased  characterization  of  the  triple  phase  boundaries.  In  this  contribution  it  is 
shown  that  a  combination  of  chemical  etching  and  atomic  force  microscopy  clearly  reveals  all  three 
phases  and  the  triple  phase  junctions  in  the  microstructural  sections.  Further,  stereological  techniques 
based  on  the  geometric  probabilities  of  stochastic  geometry  enable  unbiased  statistical  estimation  of  total 
triple  phase  boundary  length  per  unit  volume  and  other  microstructural  attributes  from  simple  counting 
measurements  performed  on  representative  microstructural  sections. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction  and  background 

Lanthanum  doped  strontium  manganite  (LSM)  is  the  most 
widely  used  cathode  for  solid  oxide  fuel  cells  (SOFC)  based  on 
yttria-stabilized  zirconia  (YSZ)  electrolyte  because  of  its  excellent 
chemical  and  thermal  compatibility  with  YSZ.  Nonetheless,  the 
catalytic  activity  of  LSM  is  severely  limited  by  its  poor  ionic  con¬ 
ductivity,  especially  at  low  operating  temperatures.  Consequently, 
in  the  LSM/YSZ  cathodes,  the  electrochemically  active  sites  for  oxy¬ 
gen  reduction  reactions  are  mostly  at  the  triple  phase  boundaries 
(TPB),  which  are  the  lineal  regions  common  to  the  LSM,  YSZ,  and 
air  (porosity).  As  a  result,  porous  composites  containing  LSM  and 
an  ionic  conductor  such  as  YSZ  have  been  used  to  increase  the 
active  reaction  sites  for  oxygen  reduction  reactions  via  an  increase 
in  the  total  length  of  the  TPB  per  unit  volume  in  the  microstruc¬ 
ture  [1-4].  It  follows  that  the  electrochemical  performance  of  such 
porous  composite  cathodes  is  microstructure  sensitive. 

The  LSM/YSZ  composite  cathodes  are  typically  fabricated  using 
powder  processing  techniques  involving  printing  or  spraying  and 
sintering  of  a  powder  mix  consisting  of  YSZ  and  LSM  powders.  It 
has  been  reported  that  the  meso-scale  microstructure  of  the  porous 
composite  cathodes  is  sensitive  to  the  processing  parameters  such 
as  the  mean  sizes  of  the  initial  powders  [5,6]  and  sintering  tem¬ 
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perature  [7,8],  and  the  microstructure  in  turn  affects  the  properties 
such  as  the  polarization  resistance  and  ohmic  resistance  that  dictate 
the  performance  of  the  cathode.  The  key  microstructural  parame¬ 
ter  that  affects  the  electro-chemical  response  of  porous  LSM/YSZ 
cathodes  is  the  total  length  of  the  LSM-YSZ-pores  triple  phase 
boundaries  (strictly  speaking,  triple  lines),  i.e.,  TPB,  in  the  three- 
dimensional  (3D)  microstructure  per  unit  volume  (i.e.,  the  length 
density)  because  O2  reduction  and  incorporation  of  O2-  into  the 
electrolyte  take  place  at  these  sites  [9].  Accordingly,  development 
of  quantitative  relationships  among  the  processing  parameters, 
microstructural  geometry,  and  electro-chemical  response  of  porous 
composite  cathode  materials  is  vital  to  the  effective  optimization 
of  electrode  performance.  Clearly,  to  establish  such  quantitative 
correlations,  it  is  imperative  to  observe  all  three  microstructural 
constituents,  namely,  LSM,  YSZ,  and  pores,  simultaneously  in  the 
microstructure  so  that  the  microstructural  features  such  as  triple 
phase  boundaries  can  be  unambiguously  identified  and  quanti¬ 
tatively  characterized  in  an  unbiased  manner.  Unfortunately,  due 
to  the  microstructural  length  scales  and  the  chemical  nature  of 
the  phases  in  these  microstructures,  the  conventional  optical  and 
scanning  electron  microscopy  (SEM)  techniques  are  not  useful  for 
simultaneous  observations  of  all  the  three  microstructural  phases 
of  interest  in  these  materials.  Optical  microscopy  is  not  useful  due  to 
sub-micron  length  scales  of  the  grains,  and  the  conventional  SEM 
techniques  are  not  useful  because  they  do  not  provide  sufficient 
contrast  between  YSZ  and  LSM  phases  due  to  their  comparable 
average  atomic  numbers  [10,11].  Although  a  high-resolution  elec- 
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tron  backscatter  technique  has  been  reported  to  yield  sufficient 
contrast  between  YSZ  and  LSM  phases  in  coarse  microstructures 
produced  via  sintering  at  temperatures  above  1200 °C  [12],  such 
coarse  grained  microstructures  are  not  useful  for  SOFC  applica¬ 
tions.  Recently,  a  combination  of  focused  ion  beam  (FIB),  Auger 
electron  spectroscopy  (AES)  elemental  mapping,  and  secondary 
electron  imaging  has  been  successfully  used  for  imaging  the  YSZ 
and  LSM  phases  [11  ].  Unfortunately,  such  equipments  are  not  read¬ 
ily  available  in  most  research  laboratories.  Further,  the  use  of 
FIB  for  the  preparation  of  microstructural  sections  is  very  time 
consuming.  Therefore,  there  is  a  need  to  further  develop  materi- 
alographic  and  microscopy  techniques  that  enable  unambiguous 
observations  of  all  three  microstructural  constituents  of  interest, 
namely,  electrolyte  (such  as  YSZ),  LSM,  and  pores,  simultaneously 
in  the  microstructure  using  equipment  that  are  readily  available, 
and  permit  unbiased  quantitative  estimation  of  3D  microstruc¬ 
tural  parameters  such  as  total  length  of  triple  phase  boundaries 
per  unit  volume.  In  this  contribution  we  report  a  combination  of 
chemical  etching  technique  and  atomic  force  microscopy  (AFM) 
that  permits  simultaneous  observations  of  all  three  phases  (i.e., 
YSZ,  LSM,  and  porosity)  as  well  as  their  triple  phase  boundaries  in 
the  microstructures  of  porous  composite  cathodes  where  YSZ  and 
LSM  phases  have  sub-micron  size  grains.  In  addition,  a  stereology 
based  methodology  [13-15]  is  presented  for  unbiased  estimations 
of  total  length  of  the  triple  phase  boundaries  per  unit  volume  and 
the  total  surface  areas  of  interfaces  of  interest  per  unit  volume  in 
such  3D  microstructures  from  simple  counting  measurements  that 
can  be  performed  on  representative  random  two-dimensional  (2D) 
microstructural  sections.  These  stereological  techniques  are  based 
on  solid  theoretical  foundations  rooted  in  stochastic  geometry, 
and  the  basic  equations  involved  have  been  known  to  mathe¬ 
maticians  for  more  than  a  century  [16-18].  The  next  section  of 
the  paper  presents  experimental  details  of  material  processing, 
materilography  and  atomic  force  microscopy  (AFM)  technique  for 
microstructure  observation,  which  is  followed  by  description  of  the 
stereological  techniques  for  estimation  of  total  length  of  the  triple 
phase  boundaries  and  other  microstructural  parameters  of  interest. 

2.  Materials  and  methods 

2.1  Materials  and  processing 

The  porous  composite  cathode  material  was  fabricated  via  a 
powder  processing  route.  The  powders  of  YSZ  (approximately  40% 
volume)  and  LSM  (approximately  60%  volume)  were  mixed  and 
ground  together  using  mortar  and  pestle  for  30  min  in  ethanol  to 
obtain  a  homogenous  slurry  that  was  subsequently  dried  at  75  °C. 
The  mean  powder  sizes  of  the  mixed  and  ground  LSM  and  YSZ  pow¬ 
ders  were  1.04  |xm  and  0.37  |xm,  respectively.  The  powder  mix  was 
hand-pressed  to  form  pellets  of  1  cm  diameter  and  1.5  mm  height. 
These  pellets  were  sintered  at  1100  °C  for  3  h  to  obtain  a  spatially 
uniform  isotropic  material  containing  the  three  phases,  namely, 
YSZ,  LSM,  and  porosity,  and  having  the  relative  phase  fractions  and 
microstructural  length  scales  in  the  same  ranges  as  those  in  the 
porous  composite  cathodes  of  interest  in  the  SOFC  applications. 

2.2.  Materialography 

The  disc  shaped  porous  composite  cathode  specimen  was  sec¬ 
tioned  along  a  plane  perpendicular  to  the  faces  of  the  disc  for 
microstructural  observations.  The  sectioned  porous  specimen  was 
infiltrated  with  methylmethacrylate  (MMA)  in  a  vacuum  cham¬ 
ber  (Struers  Epovac)  at  150mbar  pressure  for  2  min.  The  MMA 
infiltration  was  then  polymerized  under  ultraviolet  light  at  room 
temperature  for  5  h.  This  leads  to  vacuum  impregnation  of  the  pores 


with  MMA,  which  eliminates  “pull-outs”  of  grains  during  subse¬ 
quent  polishing.  The  vacuum  impregnated  specimen  was  mounted 
in  a  cold-mounting  epoxy  for  grinding  and  polishing.  The  mounted 
specimen  was  ground  and  polished  using  240  and  800  grit  SiC 
papers  followed  by  fine  polishing  using  diamond  suspensions  of 
different  diamond  sizes  (9  [xm,  6  [xm,  3  [xm  and  1  |xm).  The  final 
polishing  was  done  using  a  colloidal  silica  suspension  (0.05  |xm 
size).  The  grinding  and  polishing  steps  were  performed  on  Allied 
TechPrep  polishing  equipment.  The  polished  sample  was  etched  in 
a  3  M  hydrochloric  acid  solution  for  45  s  at  room  temperature.  As 
LSM  and  YSZ  phases  have  different  chemical  reaction  rates  with 
hydrochloric  acid,  this  etching  procedure  creates  a  small  but  con¬ 
sistent  “relief’  between  the  two  phases,  which  can  be  detected 
by  atomic  force  microscope  and  can  be  used  to  distinguish  these 
phases  in  the  microstructure. 

2.3.  Atomic  force  microscopy 

Atomic  force  microscope  (AFM)  is  a  high-resolution  scanning- 
probe  equipment  that  scans  nano-scale  topography  of  the  specimen 
surface  using  a  miniature  cantilever.  The  AFM  records  the  extent  of 
deflection  of  the  cantilever  as  the  tip  traverses  the  specimen  sur¬ 
face,  and  thereby,  generates  a  topographic  map  of  the  surface.  The 
Z  (depth)  resolution  of  AFM  is  typically  1  nm,  and  therefore,  a  dif¬ 
ferential  topographic  “relief’  between  microstructural  phases  (YSZ 
and  LSM  in  the  present  case)  on  the  order  of  nanometers  gener¬ 
ated  by  chemical  etching  can  be  precisely  detected  by  AFM.  The 
resulting  topographic  map  can  be  used  to  visualize  the  chemically 
etched  microstructure  of  porous  composite  cathode  containing  YSZ, 
LSM,  and  porosity  phases.  In  the  present  study,  a  Veeco  Dimensions 
3100  AFM  equipped  with  VL  300-A  Phosphorous  (n)  doped  Si  can¬ 
tilever  having  front  angle  of  15°  and  tip  height  of  15  |xm  was  used. 
The  images  were  recorded  in  tapping  mode  with  a  sampling  fre¬ 
quency  of  1  FIz,  X-Y resolution  of  20  nm,  and  Z  resolution  of  1  nm.  At 
this  resolution,  each  AFM  image  (topographic  map)  of  a  microstruc¬ 
tural  area  of  100  [xm2  containing  about  400  YSZ  and  LSM  grains  and 
about  500  triple  phase  boundaries  could  be  recorded  in  about  8  min. 
The  grain  sizes  of  YSZ  and  LSM  grains  are  on  the  order  of  400  nm, 
and  therefore,  the  X-Y  resolution  of  20  nm  and  Z  resolution  of  1  nm 
are  quite  sufficient  to  clearly  observe  the  microstructure. 

2.4.  Digital  image  processing 

Digital  image  processing  transforms  a  raw  AFM  data  set  (topo¬ 
graphic  map)  into  the  corresponding  microstructural  image.  To 
generate  gray-scale  microstructural  images,  the  Gwyddion  image 
processing  software  package  was  used.  This  image  processing  step 
transforms  topographic  AFM  data  into  a  gray-scale  image  of  the 
microstructure,  where  the  gray-scale  assigned  to  a  pixel  is  directly 
related  to  the  topographic  height  at  that  point.  The  resulting  image 
consists  of  256  gray  scales.  In  the  present  case,  a  nonlinear  ren¬ 
dering  was  employed  to  enhance  the  contrast.  For  automated 
quantitative  microscopic  measurements  it  is  essential  to  “seg¬ 
ment”  the  gray-scale  image  and  create  a  three-color  map  of  the 
microstructure;  one  color  for  each  of  the  phases  YSZ,  LSM,  and 
porosity.  This  segmentation  was  performed  by  using  an  in-house 
computer  code  implemented  in  the  KS-400  image  analysis  system. 
Very  small  features  (smaller  than  0.012  |xm2  area)  were  removed 
(scrapped)  from  the  segmented  images  to  eliminate  the  noise  in  the 
microstructural  images,  and  then  the  quantitative  microstructural 
measurements  were  performed. 

2.5.  3D  microstructure  characterization 

Once  a  segmented  image  of  2D  microstructural  section  is  gen¬ 
erated,  numerous  quantitative  measurements  can  be  performed 
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on  the  microstructural  features  automatically  using  commer¬ 
cial  image  analysis  software  packages.  Nonetheless,  it  is  the  3D 
microstructure  and  its  geometric  properties  that  are  of  fundamental 
interest.  Stereological  techniques  [13-15]  that  involve  applications 
of  well-known  stochastic  geometry  and  statistical  sampling  theo¬ 
ries  [16-18]  enable  statistical  estimations  of  numerous  attributes  of 
any  3D  microstructure  from  certain  specific  measurements  that  can 
be  performed  on  representative  random  2D  sections  through  the  3D 
microstructural  space  of  interest.  These  techniques  are  unbiased, 
general,  and  assumption-free,  and  therefore,  they  can  be  applied  to 
any  microstructure  encountered  in  materials  science  [13]  as  well  as 
in  biology  [19].  In  the  context  of  SOFC  porous  composite  cathode 
microstructures,  the  following  3D  microstructural  parameters  are 
of  interest: 

1.  Total  length  of  triple  phase  boundaries  (lines  common  to  YSZ, 
LSM,  and  pores)  in  the  3D  microstructure  per  unit  volume. 

2.  Total  surface  areas  of  YSZ-pore,  LSM-pore  and  YSZ-LSM  inter¬ 
faces  per  unit  volume. 

3.  Volume  fractions  of  YSZ,  LSM,  and  pore  phases  in  the  microstruc¬ 
ture. 

Interestingly,  all  the  above  3D  microstructural  attributes  can  be 
estimated  from  the  measurements  performed  on  representative 
random  2D  microstructural  sections  using  the  following  equations, 
which  have  been  known  for  more  than  50  years  [13-15].  Note  that 
these  estimations  involve  simple  “counting”  measurements  that 
can  be  also  performed  automatically  using  image  processing  and 
the  sampling  errors  in  all  the  estimates  can  be  computed  using 
standard  techniques  [13-15]: 

Tv  =  2(Qa )  (1) 

In  Eq.  (1 ),  TV  is  the  total  length  of  the  triple  phase  boundaries  in 
3D  microstructure  per  unit  volume  and  (CU)  is  the  average  value 
of  the  number  of  triple  junctions  (i.e.,  junctions  of  YSZ,  LSM,  and 
pore  phases)  in  2D  sections  per  unit  area,  which  can  be  measured 
experimentally.  The  total  surface  area  per  unit  volume  for  any  type 
of  interfaces  (for  example,  YSZ-LSM  interfaces)  of  interest  Sv  can 
be  estimated  by  using  the  following  well-known  stereological  rela¬ 
tionship: 

Sv  =  2(Il)  (2) 

In  Eq.  (2),  (IL)  is  the  average  value  of  the  number  of  intersections 
between  the  interfaces  of  interest  and  random  test  lines  per  unit 
test  line  length.  The  volume  fraction  of  a  phase  (for  example,  LSM) 
Vv  can  be  estimated  by  using  the  following  equation: 

Vv  =  <Aa)  (3) 

(Aa)  is  the  average  value  of  the  area  fraction  of  the  phase  of  interest 
in  2D  sections.  The  volume  fraction  of  a  phase  is  therefore  estimated 
by  measuring  the  area  fraction  of  the  phase  in  2D  sections.  The  area 
fraction  of  each  phase  is  measured  by  dividing  the  total  number  of 
pixels  of  each  phase  by  the  number  of  pixels  in  the  digital  image 
(512  x  512  in  the  present  case).  In  the  present  study,  the  triple  phase 
boundary  length  per  unit  volume,  the  volume  fractions  of  all  the 
three  phases  (YSZ,  LSM,  and  pores),  and  the  total  surface  area  inter¬ 
faces  between  YSZ  and  pores,  LSM  and  pores,  and  YSZ  and  LSM  in  the 
3D  microstructure  per  unit  volume  were  estimated  by  performing 
the  required  measurements  on  a  statistical  microstructural  sample 
consisting  of  seven  representative  random  segmented  AFM  images 
each  covering  microstructural  area  of  10  [xm  x  10  [xm  recorded  with 
a  X-Y  resolution  of  20  nm.  These  images  contained  approximately 
2700  YSZ  and  LSM  grains  and  3500  triple  phase  boundary  junctions, 
and  therefore,  constitute  a  large  statistical  sample.  Consequently, 
the  statistical  estimates  of  the  microstructural  parameters  obtained 


from  these  images  are  expected  to  be  robust  and  reliable.  These  data 
are  reported  and  discussed  in  the  next  section. 

3.  Results  and  discussion 

Fig.  1(a)  depicts  a  gray-scale  AFM  image  showing  the  three 
phases  YSZ,  LSM,  and  pores.  In  this  image,  the  bright  phase  is 
YSZ,  the  darkest  phase  is  the  porosity,  and  the  gray  phase  is  LSM. 
Thus,  atomic  force  microscopy  enables  clear  distinction  among 
the  three  phases.  Fig.  1(b)  shows  segmented  color-coded  image  of 
the  microstructural  field  in  Fig.  1(a);  the  quantitative  stereologi¬ 
cal  measurements  were  performed  on  such  segmented  images  in 
an  automated  manner  using  image  processing.  The  estimated  val¬ 
ues  of  volume  fractions  of  the  three  phases,  total  surface  area  per 
unit  volume  of  the  YSZ-pore,  LSM-pore,  and  YSZ-LSM  interfaces 
per  unit  volume,  and  the  corresponding  statistical  sampling  errors 
are  given  in  Tables  1  and  2.  The  total  length  of  the  triple  phase 
boundaries  per  unit  volume  (i.e.,  the  length  density)  estimated 
from  the  measurement  performed  on  the  color-coded  AFM  images 
and  application  of  Eq.  (1)  is  10.8  ±  1.15  |xm  |xnrr3.  The  estimated 
porosity  of  the  composite  cathode  is  46%.  Note  that  the  present  pro- 


Fig.  1.  AFM  image  of  the  etched  surface:  (a)  rendered  AFM  image;  (b)  color-coded 
segmented  image.  In  both  images  the  bright  phase  is  YSZ,  the  gray  phase  is  LSM,  and 
the  darkest  phase  is  porosity. 
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Table  1 

Measurements  of  volume  fraction  of  each  phase.  Porosity  is  calculated  as  the  remain¬ 
ing  volume  fraction  aside  from  YSZ  and  LSM. 


YSZ 

LSM 

Porosity 

Volume  fraction 

0.28 

0.26 

0.46 

Sampling  error 

0.027 

0.018 

cedure  for  the  estimation  of  triple  phase  boundary  length  per  unit 
volume  does  not  require  reconstruction  of  opaque  3D  microstruc¬ 
ture.  Wilson  et  al.  [20]  carried  out  detailed  3D  microstructure 
reconstructions  of  numerous  composite  porous  cathodes  of  dif¬ 


ferent  compositions  containing  YSZ,  LSM,  and  pore  phases  using 
FIB  based  serial  sectioning  and  backscattered  SEM  based  imaging 
of  the  serial  sections.  They  estimated  the  triple  phase  boundary 
length  per  unit  volume  to  be  in  the  range  of  8-10  p>m  p,irr3.  There¬ 
fore,  the  present  data  are  in  the  same  range  as  those  reported  by 
Wilson  et  al.  on  reconstructed  3D  microstructures.  Nonetheless, 
the  present  technique  does  not  require  advanced  SEM-based  imag¬ 
ing  procedures;  serial  sectioning  using  FIB  (which  is  an  extremely 
slow  process);  and  reconstruction  of  3D  microstructure.  Therefore, 
the  present  AFM  based  microstructure  observations  and  stereol- 
ogy  based  estimations  of  the  microstructural  properties  are  very 
efficient  for  simultaneous  observations  and  quantitative  characteri- 


Table  2 

Measurements  of  interface/surface  areas  per  unit  volume  (jjim2  parr3). 


YSZ/pore(Si) 

LSM/pore  (S2) 

YSZ/LSM(S3) 

Total  surface  area  (Si  +  S2) 

Interface  area  (|jim2  pm-3) 

3.9 

2.3 

0.63 

6.2 

Sampling  error 

0.21 

0.30 

0.09 

Fig.  2.  SEM  (left)  and  AFM  (right)  images  of  the  marked  area. 


Fig.  3.  EDS  analysis  of  the  selected  regions:  (a)  LSM  region  and  (b)  YSZ  region. 
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zation  of  the  three  phases  (YSZ,  LSM,  and  pores)  and  the  triple  phase 
boundaries  in  the  composite  porous  cathode  microstructures.  The 
present  technique  is  also  applicable  for  region  specific  quantitative 
characterization  of  SOFC  composite  cathode  microstructure.  When 
the  microstructure  near  the  interface  between  the  solid  electrolyte 
(YSZ)  and  porous  composite  cathode  membrane  is  of  interest,  it 
can  be  separately  characterized  by  performing  the  measurements 
only  in  that  region.  It  is  of  interest  to  validate  the  present  AFM 
based  microstructural  observation  technique.  For  this  purpose,  four 
microhardness  indents  were  placed  in  one  region  of  a  polished 
and  etched  specimen  as  markers  and  gray-scale  AFM  and  SEM 
(Joel  1530,  InLens  mode)  images  of  exactly  the  same  region  were 
recorded,  which  are  depicted  in  Fig.  2.  Observe  that  the  porosity  dis¬ 
tribution  in  both  the  micrographs  appears  to  be  identical;  the  only 
difference  between  the  two  micrographs  is  that  the  YSZ  and  LSM 
phases  cannot  be  distinguished  in  the  SEM  image.  To  further  con¬ 
firm  the  AFM  based  microstructural  observations,  energy  dispersive 
spectra  (EDS)  were  used  to  identify  the  phases  in  the  polished  sam¬ 
ple  surfaces  based  on  their  elemental  compositions  (see  Fig.  3).  For 
YSZ/LSM  composite,  yttrium  and  lanthanum  were  selected  as  the 
indicative  elements  of  YSZ  and  LSM,  respectively.  Regions  of  interest 
were  chosen  based  on  their  local  topographic  height  differentials 
with  respect  to  the  neighboring  phases  created  by  chemical  etch¬ 
ing.  In  Fig.  3(a)  the  EDS  signal  was  collected  from  a  low  topographic 
region  with  respect  to  its  surrounding  features.  Such  topography 
indicates  that  this  region  is  LSM.  The  EDS  spectrum  shows  lack 
of  zirconium  and  a  more  pronounced  lanthanum  peak  and  con¬ 
firms  the  presence  of  LSM  phase  at  that  spot.  In  Fig.  3(b),  the  EDS 
signal  was  collected  from  a  raised  region  near  a  step.  Such  topog¬ 
raphy  indicates  that  this  region  is  YSZ.  The  strong  zirconium  peak 
in  the  EDS  spectrum  confirms  the  presence  of  the  YSZ  phase  at  that 
location.  Therefore,  these  EDS  observations  validate  the  topogra¬ 
phy  based  distinctions  between  YSZ  and  LSM  phases  generated  by 
AFM  for  simultaneous  observations  of  YSZ  and  LSM  phases  (and 
porosity)  in  the  composite  porous  cathode  microstructures. 

4.  Summary  and  conclusions 

A  simple  and  practical  technique  has  been  developed  for  simul¬ 
taneous  observations  of  all  three  phases  (YSZ,  LSM,  and  porosity) 
in  the  microstructure  of  porous  composite  cathode  materials  for 
SOFC  applications.  It  is  shown  that  this  AFM-based  microstructure 
imaging  technique  also  provides  a  viable  and  efficient  methodol¬ 
ogy  for  quantitative  characterization  of  the  3D  microstructures  of 
YSZ/LSM  composite  cathode  materials  when  combined  with  unbi¬ 
ased  stereological  measurements.  Microstrucutral  parameters  such 
as  total  triple  phase  boundary  length  per  unit  volume,  volume  frac¬ 


tions,  and  surface  areas  can  be  estimated  from  the  measurements 
performed  on  AFM  based  images  of  the  2D  microstructural  sec¬ 
tions  without  tedious  and  time  consuming  reconstruction  of  3D 
microstructures. 
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